Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein, which upon apoptosis induction translocates to the nucleus where it interacts with DNA by virtue of positive charges clustered on the AIF surface. Here we show that the AIF interactome, as determined by mass spectroscopy, contains a large panel of ribonucleoproteins, which apparently bind to AIF through the RNA moiety. However, AIF is devoid of any detectable RNAse activity both in vitro and in vivo. Recombinant AIF can directly bind to DNA as well as to RNA. This binding can be visualized by electron microscopy, revealing that AIF can condense DNA, showing a preferential binding to singlestranded over double-stranded DNA. AIF also binds and aggregates single-stranded and structured RNA in vitro. Single-stranded poly A, poly G and poly C, as well doublestranded A/T and G/C RNA competed with DNA for AIF binding with a similar efficiency, thus corroborating a computer-calculated molecular model in which the binding site within AIF is the same for distinct nucleic acid species, without a clear sequence specificity. Among the preferred electron donors and acceptors of AIF, nicotine adenine dinucleotide phosphate (NADP) was particularly efficient in enhancing the generation of higher-order AIF/ DNA and AIF/RNA complexes. Altogether, these data support a model in which a direct interaction of AIF contributes to the compaction of nucleic acids within apoptotic cells.
Introduction
Apoptosis-inducing factor (AIF) was discovered as a mitochondrial protein endowed with the capacity of inducing chromatin condensation in isolated nuclei (Susin et al., 1999) . It is now considered to be one of the principal caspase-independent death effectors Cande et al., 2002; Cregan et al., 2004; Cheung et al., 2005; Kroemer and Martin, 2005) , although its biology is surprisingly complex. AIF is the product of a nuclear gene, that once transcribed and translated in the cytoplasm is imported into mitochondria, where it locates into the intermembrane space, attached to the inner mitochondrial membrane (Otera et al., 2005) . Within mitochondria, AIF is required for the maturation and/or maintenance of the complex I of the respiratory chain (Vahsen et al., 2004) . This effect depends on its redox activity (Urbano et al., 2005) . Indeed, AIF is a flavoprotein that can oxidize NADH and NADPH in vitro (Miramar et al., 2001) and may participate in the detoxification of reactive oxygen species (Klein et al., 2002) and in the maintenance of glutathione levels (Cande et al., 2004b) , although the mechanisms of this antioxidant activity remain to be determined. Upon activation of a serine protease that liberates AIF from its membrane attachment (Polster et al., 2005; Yuste et al., 2005) , combined with outer mitochondrial membrane permeabilization, for instance through Bax/Bak-mediated pores (Green and Kroemer, 2004) , AIF is released from mitochondria and participates in the catastrophic catabolic process that allows the digestion of the cellular content from within.
It is important to note that the vital bioenergetic and the lethal proapoptotic activities of AIF can be separated (Garrido and Kroemer, 2004) . Thus, mutations that affect the redox activity of AIF compromise mitochondrial metabolism (Urbano et al., 2005 ), yet do not affect its acute proapoptotic activity (Loeffler et al., 2001) . Conversely, mutations that affect the translocation of AIF into the nucleus or its DNA binding do not compromise its capacity to sustain the activity of the respiratory chain and cellular redox homeostasis (Cande et al., 2004b; Urbano et al., 2005) . Nonetheless, the role of AIF in cancer biology is ambiguous. On the one hand, AIF is required for the growth of colon carcinoma cells (Urbano et al., 2005) . On the other hand, AIF is required for experimental apoptosis induction, for instance in radiation-resistant human T-cell lymphoma (Park et al., 2005) or in lung or cervix carcinoma (Gallego et al., 2004; Kang et al., 2004) .
We have recently started to characterize the AIF interactome. We found that AIF binds to heat shock protein 70 (HSP70) and that this interaction can prevent AIF from translocating to the nucleus (Gurbuxani et al., 2003) , where it exerts its proapoptotic action. This neutralizing interaction has been confirmed in vivo (Matsumori et al., 2005) . We also found that AIF binds to cyclophilin A. This interaction was observed to increase the proapoptotic activity of AIF and to activate its DNAse activity, as demonstrated by using knockout cells for either AIF or cyclophilin A (Cande et al., 2004a) . Independent experiments performed in Saccharomyces cerevisiae, which contains AIF and cyclophilin orthologs, confirmed the prodeath activity of the AIF-cyclophilin A interaction . Current evidence suggests that AIF binds to DNA through electrostatic interactions (Ye et al., 2002) and that it serves as a sort of scaffold to recruit further proteins belonging to the so-called degradosome to the chromatin of dying cells (Parrish and Xue, 2003) .
When further progressing in the characterization of the AIF interactome, we discovered that AIF can bind to any kind of nucleic acid, including RNA. We hence continued the characterization of the physical interaction between AIF and RNA as well as DNA. Here, we provide compelling evidence that AIF is endowed with the unique capacity of mediating direct condensation and aggregation of nucleic acids.
Results and discussion
AIF binding to RNA and DNA in cells, cell extracts and gel retention assays Mass spectrometry of proteins retained on an AIF affinity column led to the identification of multiple peptides corresponding to an array of ribonucleoproteins, in particular from the class of heterogeneous nuclear ribonucleoproteins (HnRNP), and also small nuclear ribonucleoproteins, nucleolin and ribosomal proteins (Table 1) . Owing to the abundance, within the AIF interactome, of apparently heterogeneous proteins whose sole common denominator is their adscription to the class of RNA-binding proteins, we suspected that AIF might bind to RNA. Indeed, in detergent-solubilized whole-cell extracts, AIF could be co-immunoprecipitated with HnRNPA1, and this interaction was destroyed by adding RNAse to the cell extract, indicating that AIF binds to the RNA portion rather than to the protein moiety of this ribonucleoprotein (Figure 1 ). Recombinant human AIF binds to purified DNA, irrespective of its size (200-2000 bp) , causing its retention in horizontal gel electrophoresis. Thus, AIF reproducibly reduced the electrophoretic mobility of DNA, in a concentration-dependent fashion. At high AIF-DNA ratios, AIF completely prevented DNA to enter the agarose gel matrix. This effect was attenuated for AIF mutants in which positively charged amino acids were mutated to neutral ones (mutants AIF510: K510A, K518A and AIF255: K255A, R265A), with a higher effect of the AIF50 mutation as compared to the AIF255 mutation (Figure 2a) . The attenuated AIF-DNA binging detected in this system is compatible with the notion that the binding of AIF to DNA is dictated by electrostatic interactions (Ye et al., 2002) (Figure 2a ). Recombinant AIF from S. cerevisiae also bound to isolated DNA in vitro (Figure 2b ). Of note, the interaction was increased at physiological concentrations of Mg 2 þ (5 mM), as indicated by reduced electrophoretic mobility of DNA that is observed in the presence of Mg 2 þ but not in its absence (Figure 2c ). In the presence of Mg 2 þ , recombinant human AIF also bound to RNA purified from HeLa cells, in a concentration-dependent fashion, and this binding was attenuated for the AIF mutant AIF510 and -to a lower degree -for the mutant AIF255 (Figure 2d ). However, the predominant localization of extra-mitochondrial AIF was the nucleus. This has been extensively documented for human and mouse AIF (Loeffler et al., 2001; Ye et al., 2002; Cande et al., 2002 Cande et al., , 2004a , and also applies to the AIF ortholog from yeast (S. cerevisiae). Yeast AIF localized at distinct foci within the nucleus upon induction of apoptosis by chronological aging. Chronological aging is the most physiological inducer of apoptosis in yeast , linked to the controlled translocation of AIF to the nucleus . In a time course of chronological aging induced by continuous culture in conditions of limited resources, yeast AIF-yEGFP was initially located in mitochondria. However, on days 2 and 3, AIF-yEGFP appeared in the nucleus in discrete foci, and after 5 days of aging, AIF-yEGFP was distributed throughout the entire nucleus of aging cells (Figure 3) .
No RNAse activity of AIF in vitro and in vivo As AIF can bind to RNA, we evaluated the possibility that AIF could have an RNAse activity. Crude RNA extracts from HeLa cells were not digested in vitro when incubated with recombinant human AIF protein and separated on an EDTA-containing agarose gel (which abolishes the RNA-AIF interaction and hence does not interfere with molecular size determinations) (Figure 4a ). Embryonic stem (ES) cells that were AIF sufficient (AIF þ /y ) or AIF deficient (AIF À/y ) (Joza et al., 2001 ) exhibited a similar degree of RNA degradation upon apoptosis induction with the serine-threonine kinase inhibitor staurosporine (STS). In both AIF þ /y and AIF À/y ES cells, RNA degradation was abolished by addition of the pan-caspase inhibitor Z-VAD-fmk. This result was obtained using two distinct methods for the evaluation of total cellular RNA content, namely RNA extraction followed by horizontal agarose gel electrophoresis (Figure 4b ) or staining with the RNA probe pyronin Y (Crissman et al., 1985; Halicka et al., 2000) , followed by cytofluorometric evaluation of the per-cell RNA content (Figure 4c ). Thus, in accord with the literature (Rutjes et al., 1999; King et al., 2000; Asselbergs and Widmer, 2003) , apoptotic RNA degradation is caspase-dependent, and, as shown in Figure 3b and c, AIF-independent.
Molecular model of the AIF interaction with nucleic acids
The different RNA oligonucleotides docked to AIF are scattered on the surface of the D2 and D3 domains. The cluster of top-scored poses indicates a favorable RNAbinding site in the prolonged groove encompassing the D1, D2 and D3 domains. A representative member of this cluster, a 7-mer RNA fragment (3 0 -AAAAAAA-5 0 ) docked to AIF, is shown in Figure 5 . According to the predictions, the RNA oligonucleotides mainly interact with AIF through their phosphate backbone. R265, K446 and R450 are the basic residues on the AIF surface which are most frequently targeted for electro- AIF interactions with nucleic acids N Vahsen et al static interactions. Interestingly, these residues were shown to play a key role in the AIF-DNA binding (Ye et al., 2002) , suggesting that the DNA and RNAbinding sites on AIF overlap. The docking results do not seem to be affected by the nature of the nucleotide bases.
According to the simulations, the RNA bases show no specific interactions with AIF. Therefore, they could be interchanged without substantially altering the docked conformations. Moreover, the resulting scores for the different oligonucleotides (i.e. poly A, poly U, poly C, poly G) are comparable, suggesting that they could have similar abilities to bind to AIF.
Electron microscopic visualization of AIF binding to RNA and DNA Based on the biochemical data and on the molecular model, one would expect direct binding of AIF to nucleic acids. We hence sought a biophysical confirmation of the interaction, using transmission electron microscopy (TEM). AIF was added to different types of nucleic acids, namely linearized double-stranded DNA in the presence or absence of Mg 2 þ ( Figure 6A and B), circular, supercoiled plasmid DNA ( Figure 6C ) and circular, single-stranded DNA ( Figure 6D ), followed by uranyl acetate staining and TEM. AIF bound to linearized DNA, in particular in the presence of Mg 2 þ , as visible by thickening of the DNA ( Figure 6A ). In addition, AIF clearly caused the condensation of double-stranded, linearized DNA, as visualized by shortening of the DNA fragments ( Figure 6A ). In the presence of Mg 2 þ , AIF also caused the formation of networks with intermolecular contact, when added to double-stranded, linearized DNA ( Figure 6A ), suggesting protein-protein interactions between different AIF molecules. Such AIF-AIF protein interactions have been previously described, based on the crystallographic analysis of the protein (Mate et al., 2002; Ye et al., 2002) . The preponderant AIF effects (binding and condensation) were absent when AIF was added to relaxed, circular DNA (not shown) and attenuated when AIF was probed on negatively supercoiled DNA ( Figure 6C ). In addition, AIF had a high affinity for single-stranded DNA, causing its spreading ( Figure 6D ), although less than classical single-stranded proteins such as replication protein A (Treuner et al., 1996) or T4-encoded SSB protein (gp32) (Hameau et al., 2001) . To directly determine the preference of AIF for singlestranded or double-stranded DNA, we added the recombinant protein to hybrid DNA molecules containing a single-stranded moiety in the 3 0 half, as well as a double-stranded moiety. AIF clearly exhibited an (Figure 7 ). In addition, AIF provoked the ordered, spheroid aggregation of poly A RNA polymers (100 kDa to 1.2 MDa) in a process that was accelerated by Mg 2 þ ( Figure 8A ). AIF caused putative spreading and visible aggregation of a different type of RNA with a complex secondary structure ( Figure 8B ). Of note, in no instance, signs of nuclease (RNAse or DNAse) activity of AIF could be detected, in accord with the biochemical data discussed above.
Altogether, these data indicate that AIF binds preferentially to single-stranded nucleic acids and cooperatively condenses double-stranded DNA.
Functional relationship between AIF ligands: RNA, DNA and NADP If the DNA-binding site of AIF and its RNA-binding site overlapped (as this is suggested by the molecular model, Figure 4 ), then both types of nucleic acid should compete for AIF binding. Indeed, we found that short stretches of poly A, poly G and poly C were equally efficient in inhibiting the AIF-DNA interaction, as determined by gel retention assays (Figure 9a) . The concentration at which poly A, poly G and poly C inhibited the binding of AIF to DNA were equivalent (Figure 9a ), in line with the idea that there was no sequence specificity of AIF in its interaction with nucleic acids. In a separate experiment, we found that doublestranded poly A/U and poly C/G RNA molecules also inhibited the AIF-DNA interaction (Figure 9b ). Surprisingly, when AIF and DNA were admixed in the presence of 2.5 mM nicotine adenine dinucleotide phosphate (NADP), we found that the resulting DNA-AIF complexes formed a unique, high molecular weight band (instead of a smear), visible in horizontal gel electrophoresis, suggesting the ordered formation of a protein-nucleic acid complex (Figure 10a ). This ordered complex was not formed when NADP was replaced by its reduced form NADPH, nor when it was replaced by NAD or NADH. However, NADPH and NADH did increase the mean size of DNA-AIF complexes (Figure 9a) . RNA retention by AIF was also improved in the presence of NADP, but not that of NADPH (Figure 10b ). Electron microscopic inspection of the AIF-DNA complexes formed in the presence of NADP revealed the formation of intramolecular loops within all linearized double-stranded DNA molecules exposed to AIF (Figure 11) , thus confirming the electrophoretic data. Thus, physiological concentrations of NADP can profoundly influence the assembly of AIF-DNA complexes.
Concluding remarks
The data contained in this paper reveal the unique capacity of AIF to bind to double-stranded, singlestranded DNA as well as different types of RNA. Admittedly, the physiological role of the AIF-RNA interaction remains enigmatic. Indeed, AIF lacks an RNAse activity, and none of our observations (nor RNA molecules (or RNA moieties of ribonucleoproteins). Moreover, AIF is imported into the nucleus by virtue of its nuclear localization sequences (Susin et al., 1999) . So, it is not clear whether the interaction of AIF with RNA actually contributes to the apoptotic process (for instance by inhibiting translation) or whether this interaction rather retards the lethal interaction of AIF with DNA, for instance in cells that are particularly active in protein synthesis and hence abundant in RNA.
While the biological significance of the AIF-RNA interaction remains a conundrum, AIF binding to DNA has been amply documented in apoptotic cells (Susin et al., 1999 Daugas et al., 2000; Cande et al., 2002 Cande et al., , 2004a Zhu et al., 2003) , and it appears clear that AIF can mediate chromatin condensation. Thus, recombinant AIF induces marked pyknosis when added to isolated nuclei or when microinjected into intact cells Loeffler et al., 2001) . Moreover, the injection of AIF-neutralizing antibodies or the knockdown of AIF expression with small interfering RNAs has established that endogenous AIF is rate limiting for caspase-independent chromatin condensation induced by apoptotic stimuli (Cregan et al., 2002; Gallego et al., 2004; Kang et al., 2004; Cheung et al., 2005; Park et al., 2005) . Condensation of DNA is also documented in vitro, when AIF is added to naked DNA, as shown in this paper.
As a hypothesis, which awaits further confirmation, the following scenario would be compatible with the electron microscopic observations of AIF-DNA complexes. AIF, which preferentially interacts with singlestranded DNA (as well as with free ends of linearized double-stranded DNA and locally denatured zones of supercoiled DNA), would invade the chromatin at the site of pre-existing lesions containing single-stranded DNA. Then, cooperative interactions (perhaps involving protein-protein interactions among several AIF molecules) would propagate through the adjacent double-stranded DNA, causing its condensation and possibly its aggregation into higher order structures. It appears clear that these reactions occur in a cooperative fashion because the electron microscopic pictures of AIF-DNA complexes reveal the presence of few DNA molecules that are compacted by AIF, while most DNA strands remain in the natural state. If there was no cooperativity, then each DNA molecule would bind to a similar number of AIF molecules.
The before-mentioned scenario -preferential interaction of AIF with DNA lesions containing singlestranded DNA followed by cooperative propagation of AIF binding to the adjacent double-stranded DNA -is consistent with the observation that AIF first interacts with discrete foci of nuclear chromatin and then redistributes throughout the nucleus. In apoptosis, there is a general shift in the redox balance with depletion of reducing equivalents and hence accumulation of NADP, which at difference with NAD is not depleted by the activation of the polyadenosylribose polymerase. As shown here, NADP can stimulate the AIF-DNA interaction. Altogether, the present data support the notion that direct molecular interactions between AIF and DNA can contribute to one of the hallmarks of advanced apoptotic cell death, that is nuclear chromatin condensation.
Materials and methods

Cells and culture conditions
HeLa and ES cells were cultured in DMEM medium supplemented with 10% (v/v) fetal calf serum, 1 mM sodium pyruvate and 10 mM HEPES buffer. ES medium were supplemented with 50 mM b-mercaptoethanol and leukemia inhibitory factor (LIF, Sigma, St Louis, MO, USA) (Joza et al., 2001) . 
Yeast chronological aging
Chronological aging experiments were performed in SCD media as described previously with a strain that carries yEGFP-tagged yeast AIF and pUR36-NLS (nuclear staining) .
Immunoprecipitation, pull-down assay AIF was immunoprecipitated from sonicated cellular extracts (1 mg/ml) resuspended in IP buffer (50 mM HEPES pH 7.6, 150 mM NaCl, 5 mM EDTA, 0.1 NP-40), using an mAb raised against aa 101-300 of AIF (E1, Santa Cruz, CA, USA), with protein A Sepharose (Amersham, Buckinghamshire, England). Samples were treated in the absence or presence of RNAse A (0.1 U/ml, Sigma) or DNAse 1 (0.1 U/ml, Roche Diagnostics), were resolved in SDS-10% PAGE and were transferred to a nitrocellulose membrane. Membranes were blocked for 1 h in PBS/Tween 0.01%/skim milk 5% and then incubated for 1-3 h with different antibodies: AIF (AB16501, Chemicon, Temecula, CA, USA), hnRNPA1 (E17, Santa Cruz). Membranes were washed in PBS/Tween and then incubated for 1 h with appropriate peroxidase-conjugated secondary antibodies.
Mass spectrometric identification of AIF-binding proteins Recombinant AIF was immobilized on SHA Sepharose s resin (Invitrogen, Carlsbad, CA, USA). Triton-soluble proteins contained in rat brain extracts or in nuclear HeLa extracts were retained on these columns, eluted on an NaCl gradient beyond 500 mM NaCl and concentrated by buffer exchange, as described in detail by Gurbuxani et al. The proteins were denatured, reduced, alkylated, subjected to proteolysis with trypsin, and then identified by LC-MS/MS, as previously described (Gurbuxani et al., 2003) .
Gel retardation assays
The interaction of recombinant AIF (0.1 mg/ml) with 20 ng/ml DNA molecular weight ladders (low DNA mass ladder, Invitrogen) or 100 ng/ml total RNA extracts from HeLa cells (purified RNeasy Mini kit, Qiagen Valencia, CA, USA) was carried out by gel retardation on 1% agarose gels. Recombinant AIF and DNA ladders or RNA were incubated with different Magnesium chloride concentrations (Sigma), different RNAs: PolyA, polyG, polyC, polyA/U, polyC/G (Sigma) or with NAD, NADH, NADP or NADPH (Sigma) for 30 min at room temperature in a buffer containing 10 mM HEPES, 50 mM KCl, 5 mM MgCl 2 , 1 mM DTT. Samples were electrophoresed in a Tris acetate buffer (50 mM) and stained with the nucleic acid dye SYBR Gold (Molecular Probes).
RNA degradation
Total RNA (50 mg/ml) was extracted (RNeasy Mini kit, Qiagen Valencia, CA, USA) from normal HeLa cells and was exposed to recombinant mouse AIF (50 mg/ml) protein or to RNAse A (100 U/ml, Sigma) as control (Sigma) in a One Phor All buffer (Amersham, Biosciences) for 2 h at 371C and loaded on an agarose gel stained with ethidium bromide (Molecular Probes). Total RNA was extracted from normal (AIF þ /y ) or AIFdeficient (AIF À/y ) ES cells treated with STS (2 mM, Sigma) and/ or Z-VAD.fmk (100 mM, Bachem, Torrance, CA, USA) during 24 h.
Cytofluorometry
To assess RNA content, ES cells were trypsinized and stained with pyronin Y (1 mg/ml, Sigma) and incubated at 371C for 20 min (Crissman et al., 1985; Halicka et al., 2000) . Stained cells were then analysed in a FACS Vantage s (Becton & Dickinson).
Electron microscopy
Examination of DNA by EM was performed as described (Delain and LeCam, 1995) . Double-stranded DNA corresponded to 1444-bp DNA fragments, obtained by PCR amplification from region pC7 of pBR322 (position: 2576-4020)n as previously described (Beloin et al., 2003) . Singlestranded DNA was FX174 single-strand DNA (Biolabs). Poly A (MW 100 000-1 2000 000) was purchased from Sigma. RNA 1-415 from HIV-1 (Le Cam et al., 1998 ) was a gift from Dr Philippe Fosse´(ENS Cachan). A chimeric double-stranded/ single-stranded DNA construction was obtained after denaturation of biotinylated 1444-bp DNA fragments in NaOH solution (60 mM), separation on a HiTrapt Streptavidin HP column (Amersham Biosciences) of the single-stranded DNA matrix and primer extension with a Taq Polymerase from a primer located at position 3185. This construction provides a hybrid fragment with a 609 bp double-stranded and a 3 0 831 bp single-stranded DNA. DNA products were purified on a MiniQ anion exchange column with a Smart system (Amersham Biosystem). DNA templates and AIF protein were incubated for 10 min at 201C in binding buffer (20 mM Tris pH 7.5, 50 mM NaCl, with or without 5 mM MgCl 2 ) at different molar ratios of protein and DNA (10, 20, 30, 50) . To obtain a good spreading of ssDNA as a control, T4 SSB gp32 was added to the DNA solution at a ratio of one gp32 tetramer per 5 nt. Examination of DNA by EM was performed as described (Delain and LeCam, 1995) . Briefly, a 5 ml aliquot of the DNA or RNA solution at a final concentration of 0.5 mg/ml was deposited on an EM grid coated with a very thin carbon film activated by a glow discharge in the presence of pentylamine (Dubochet et al., 1971) . Grids were washed with a 2% aqueous uranyl acetate solution and dried. The samples were observed at a magnification of 85 000 with a Zeiss CEM-902 electron microscope in the annular dark-field mode, filtering out inelastic electrons with the spectrometer in order to improve image quality. Quantification was performed using SIS software.
Molecular modeling
The crystal structure of human AIF (1m6i) (Ye et al., 2002) and BhpA4 (1f3p) (Senda et al., 2000) were downloaded from the Protein Data Bank (Berman et al., 2000) . For each RNA base (i.e. A, U, C, G), six different single-strand RNA molecules, ranging from a minimum of 2-7 bases, were assembled using randomly assigned conformational states. The different oligonucleotides were docked to AIF with QXP (McMartin and Bohacek, 1997), as outlined in Table 1 . Analysis and selection of AIF/RNA complexes was based on scoring, clustering and visual inspection (Table 1) , using published methods (Hassan et al., 1996; Giordanetto et al., 2004) .
Abbreviations AIF, apoptosis-inducing factor; NAD, nicotine adenine dinucleotide; NADP, nicotine adenine dinucleotide phosphate; TEM, transmission electron microscopy.
